We investigate the relative influence of mantle upwelling velocity and source heterogeneity on the melting rates recorded by 230 230 Th excesses and distance from the inferred plume centre is consistent with a model of decreasing mantle upwelling velocity with increasing distance from the plume axis. However, the model is not substantiated by the ( 231 Pa/ 235 U) data as the correlation with distance from the plume centre is weak. On the scale of individual eruption centres, the observed U-series are influenced by variations in melt transport time, source porosity, and local variations in mantle upwelling velocity. Broad correlations between ( 230 Th/ 238 U) and ( 231 Pa/ 235 U) and highly incompatible trace element ratios for samples from the Western Volcanic Zone provide, however, evidence for a significant underlying effect of source heterogeneity on the U-series data. Low 230 Th and 231 Pa excesses in enriched samples from the Western Volcanic Zone with high U/Th, Nb/U and Nb/La indicate that partial melts from an enriched source component, characterised by high melt productivity but low bulk D U /D Th , influence the U-series systematics of the erupted melts. These results re-affirm the presence of comparatively larger abundances of enriched material in the mantle source beneath the South Western Rift of Iceland, which has been suggested based on relationships between highly incompatible element and Pb isotope ratios in Icelandic basalts. Overall, our results highlight the importance of lithological heterogeneity on the melting behaviour of the upper mantle and the composition of oceanic basalts.
INTRODUCTION
Uranium series disequilibria in young oceanic basalts provide constraints on the dynamics of partial melting and melt extraction processes in the upper mantle. Specifically, they reveal information about mantle upwelling velocity, melt extraction rate, and residual porosity, but also about intrinsic properties of the mantle source such as its modal mineralogy and melt productivity (e.g., Condomines et al., 1981; Williams and Gill, 1989; McKenzie, 1985; Cohen and O'Nions, 1993; Iwamori, 1993; Spiegelman and Elliott, 1993; Turner et al., 1997; Bourdon et al., 1998 Bourdon et al., , 2005 Bourdon et al., , 2006 Sims et al., 1999; Stracke et al., 1999 Stracke et al., , 2006 Stracke et al., , 2003a Peate et al., 2001; Kokfelt et al., 2003; Lundstrom et al., 2003; Pietruszka et al., 2009; Prytulak and Elliott, 2009) .
During partial melting of the upper mantle, differences in residence time of the parent and daughter nuclides in the melt and residual solid mantle cause U-series disequilibrium. Proposed melting models range from 'dynamic melting' assuming rapid melt extraction with no equilibration between the partial melts and solid (McKenzie, 1985) to 'equilibrium porous-flow' with continuous melt-solid equilibration (Spiegelman and Elliott, 1993) . More complex models suggest a so-called two-porosity regime during melt extraction, which implies different degrees of melt-solid equilibration at different depths in the mantle (Iwamori, 1994; Lundstrom et al., 2000; Lundstrom, 2001; Jull et al., 2002) . These melting models can be used to explain the observed U-series isotope variation by variation in mantle upwelling velocity, which is directly proportional to the melting rate, and residual porosity during partial melting. Generally, the above-mentioned models make the simplifying assumption that the mantle source has a homogeneous mineralogical composition. The presence of lithological heterogeneity in the mantle, however, may change its melting behaviour, because different lithologies have different modal composition, trace element partitioning characteristics, and melt productivity (Lundstrom et al., 1995; Bourdon et al., 1996; Hirschmann and Stolper, 1996; Stracke et al., 1999 Stracke et al., , 2003a Hirschmann, 2003, 2004; Elliott, 2007, 2009) .
Melt productivity for example -defined as the amount of melt formed per increment of pressure release -is consistently larger for mafic lithologies compared to peridotites (Hirschmann and Stolper, 1996; Asimow et al., 1997 Asimow et al., , 2001 Hirschmann et al., 1999a; Kogiso et al., 2004; Pertermann and Hirschmann, 2003) resulting in higher melting rates. Prytulak and Elliott (2009) pointed out that the differences in melt productivity and thus melting rate between peridotitic and pyroxenitic mantle components could have a much larger effect on the U-series nuclides in ocean island basalts (OIB) than differences in mantle upwelling velocity. Russo et al. (2009) suggested that melting of fertile pyroxenite veins could explain the relationships between trace element ratios and 230 Th and 226 Ra excesses observed in mid ocean ridge basalts (MORB) from the South-East Indian Ridge. The quantitative effect of lithological source heterogeneity on the U-series disequilibria, however, remains difficult to predict due to the uncertainty attached to the relevant melting and partitioning behaviour of lithologically different sources (e.g., Stracke et al., 1999; Bourdon and Sims, 2003) .
In Icelandic rocks, correlations between major elements and trace element ratios and long-lived isotopes suggest that melting of at least two components, one isotopically depleted and one isotopically enriched, is required to explain the observed trends (Wood, 1981; Elliott et al., 1991; Maclennan et al., 2003; Stracke et al., 2003b; Kokfelt et al., 2006; Maclennan, 2008a; Stracke and Bourdon, 2009; Peate et al., 2010; Koornneef et al., 2012) . Although the nature of the enriched Icelandic source component remains controversial, most previous studies favoured ancient recycled oceanic crust, present in form of small-scale mafic components (e.g., Chauvel and Hémond, 2000; Skovgaard et al., 2001; Stracke et al., 2003b; Kokfelt et al., 2006; Peate et al., 2010) . Enrichments in Nb/La and Nb/U ratios combined with higher 206 Pb/ 204 Pb in samples from the Western Rift Zone and the Reykjanes Peninsula suggest that the abundance of this enriched component is larger beneath these main rift areas compared to the Northern Rift Zone (Hanan et al., 2000; Koornneef et al., 2012) . The inferred lithological source heterogeneity may therefore affect the U-series disequilibria in young Icelandic lavas. Kokfelt et al., 2003 , however, mainly attributed the observed differences in ( 230 Th/ 238 U) (where parentheses denote activity ratios) in Icelandic rift-zone lavas to variations in mantle upwelling rate as a result of decreasing mantle potential temperature away from the plume centre (Kokfelt et al., 2003; Bourdon et al., 2006) .
Here, we present new 226 Th-238 U and 231 Pa-235 U disequilibria data on 25 geochemically well characterised post-glacial tholeiites from Iceland's main rift areas (Koornneef et al., 2012) and replicate analyses of four lavas from Theistareykir previously analysed by Stracke et al. (2006 Stracke et al. ( , 2003a . In addition to 230 Th-238 U disequilibria, the aim is to use ( 231 Pa/ 235 U) ratios, which are more sensitive to variability in melting rates compared to ( 230 Th/ 238 U) ratios, to evaluate the potential effects of source heterogeneity and the inferred variations in regional upwelling velocity on the U-series disequilibria.
Even though variations in mantle potential temperature have no resolvable influence on the major, trace element, and long-lived isotope systematics (Koornneef et al., 2012) , our ( 230 Th/ 238 U) data demonstrate that systematic variation in regional mantle upwelling velocity across Iceland is required (Kokfelt et al., 2006; Bourdon et al., 2006) . Variability of the ( 230 Th/ 238 U) and ( 231 Pa/ 235 U) ratios on a local scale and the observed correlations with highly incompatible trace elements reveal an important role of source heterogeneity for establishing the U-series disequilibria in Icelandic rift zone lavas.
SAMPLE PREPARATION AND ANALYTICAL TECHNIQUES
U, Th, Pa and Ra concentrations and isotope ratios were determined on 25 post glacial tholeiites from Iceland's main rift areas (Fig. 1) . Koornneef et al. (2012) previously reported their major and trace element and Hf and Nd isotope composition. In addition to the samples from the Reykjanes Peninsula (RP, n = 10), the Western Volcanic Zone (WV, n = 7), and the Northern Volcanic Zone (NV, n = 8), we re-analysed four samples from Theistareykir, a small area in the Northern Volcanic Zone, that were previously analysed by Stracke et al. (2003a Stracke et al. ( , 2006 for their U, Th, Pa and Ra concentrations and isotope ratios. Generally, the investigated samples are younger than 3000 years, with the exception of WV21 ($5300 years) and WV25 ($3400 years) and the Theistareykir samples, whose ages range between 3000 and 12,000 years (Table 1) .
A detailed description of the chemical separation and measurement procedures is given in Koornneef et al. (2010 Koornneef et al. ( , 2012 . Approximately 1 g of sample powder was spiked with 236 U, 229 Th, 233 Pa and 228 Ra tracers and dissolved in a mixture of HF and HNO 3 . After drying down, samples were re-dissolved in HCl and boric acid was used to remove fluorides. After conversion to a nitrate form, samples were loaded on a first 5 ml TRU-spec column yielding fractions of Ra + matrix, U + Pa and Th. In a second column step, U was separated from Pa on a 1 ml AG50-X8 column and the Th fraction was purified on a 0.2 ml AG1-X4 column. The Ra + matrix fraction from the first column was further purified sequentially using a 20 ml and a 3 ml AG50-X8 column and a final 1 ml Sr-Spec column (Chabaux et al., 1994; Claude-Ivanaj et al., 1998) . All U, Th, Pa and Ra concentrations and isotope ratios were determined by multi collector inductively coupled plasma mass spectrometry (MC-ICPMS) at ETH Zü rich on a NU Plasma instrument. Sample reproducibility was evaluated by repeated measurements of USGS rock reference materials BCR-2 and W-2a and of rock standard TML, which were processed and measured contemporaneously with the samples and are reported in Koornneef et al. (2010) . (Table 1) , which is mainly relevant for the 226 Ra-disequilibria of the lavas, are also shown in Fig. 3 . Note that the accuracy of the age-corrected data is limited by the precision of the available age estimates for each lava flow (Peate et al., 2009; Sinton et al., 2005 (Chen et al., 1986) , rendering the ( 234 U/ 238 U) ratios in oceanic basalts susceptible to disturbance by seawater-rock interaction. All RP, WV and NV samples have ( 234 U/ 238 U) within error of secular equilibrium, demonstrating they were not affected by post-eruptive seawater alteration. Samples from Theistareykir, however, have ( 234 U/ 238 U) -1, indicating they are affected by seawater alteration. The U-series systematics of these samples will be discussed in detail in Section 3.4. Fig. 1 . Simplified geological map of Iceland showing the sampling localities of all 25 lavas (modified after geological map published on www.tephrabase.org). Green squares: Reykjanes Peninsula (RP); red diamonds: Western Volcanics (WV); blue cirkels: Northern Volcanics (NV); All samples are younger than 10,000 yr. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Sinton et al. (2005) , and from historical records (Askja and Krafla). b Ages for Theistareykir samples represent the mean of the range reported in Stracke et al., 2003a. c Distance from the plume centre calculated using the sampling coordinates relative to coordinates 64.5°N, 17.3°W (Kokfelt et al., 2003 (Peate et al., 2001; Kokfelt et al., 2003; Stracke et al., 2003a) . Western Volca- (Koornneef et al., 2010) . For clarity these are only shown for WV samples. Orange model trends represent assimilation of sample NV49 by bulk binary mixing with a rhyolite (Kuritani et al. (2011) (Fig. 3a) , the data form a broad positive trend. Three NV samples (NV41, NV52, NV54), however, plot below the general correlation with low ( 231 Pa/ 235 U) % 1.33-1.39 for a given ( 230 Th/ 238 U) % 1.14. Pa excesses are a function of mantle upwelling velocity indicated by coloured numbers (cm/yr). The green curves represent calculations for a spinel peridotite (light grey-green) and garnet peridotite (dark green) and are calculated using K D values given in Table 2 , the steep bright green curve is for a spinel peridotite calculated using partition coefficients for olivine and orthopyroxene from McDade et al. (2003a,b) and clinopyroxene from Wood et al. (1999) ; the purple and blue curves are calculated for a pyroxenite with low (purple) and high D U /D Th (blue), respectively ( Table 2 ). The effect of decay during melt transport is shown for the garnet peridotite (thin green curves) at various upwelling velocities and for a melt velocity of 1 m/yr (lower green curve). OIB data from; Bourdon et al. (1998 Bourdon et al. ( , 2005 , Pickett and Murrell (1997) , Elliott (2009), and Sims et al. (1999) ; MORB data from: Bourdon et al. (2005) , Goldstein et al. (1993) , Lundstrom et al. (1998 Lundstrom et al. ( , 1999 , Sims et al. (1995 Sims et al. ( , 2002 , and Sturm et al. (2000) . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) (Pickett and Murrell, 1997; Sims et al., 1999) and data for MORB (Goldstein et al., 1993; Sims et al., 1995 Sims et al., , 2002 Lundstrom et al., 1998 Lundstrom et al., , 1999 Sturm et al., 2000; Bourdon et al., 2005; Turner et al., 2011) , which generally have higher 231 Pa excesses at similar 230 Th excesses compared to OIB (Fig. 4) . ( 230 Th/ 238 U) ratios in Icelandic lavas are similar to those measured in samples from the Azores (Bourdon et al., 2005; Prytulak and Elliott, 2009) 226 Ra-deficits were also reported for OIB samples from the Azores and for the Pitcairn seamounts and were ascribed to alteration, crystal fractionation or to melting in the presence of phlogopite (Widom et al., 1992; Bourdon and Van Orman, 2009 
RESULTS

U-Th
Comparison of Theistareykir data with previous U-series data
The four samples from Theistareykir previously analysed by Stracke et al. (2003a Stracke et al. ( , 2006 have ( 234 U/ 238 U) greater than 1 (Table 1) . Stracke et al. (2003a) suspected that the high ( 234 U/ 238 U) obtained for these samples resulted partly from an analytical problem. However, we confirm here that the ( 234 U/ 238 U) are out of equilibrium, suggesting these samples were affected by seawater-rock interaction. The ( 230 Th/ 238 U) ratios measured previously by Stracke et al. (2003a) are consistently lower than those reported here, due to the lower U concentrations determined by Stracke et al. (2003a) . Two of the samples from Theistareykir that we re-analysed have significantly lower ( 231 Pa/ 235 U) (i.e., 10% and 22%) compared to those determined by Stracke et al. (2006) whereas the third sample is identical within analytical uncertainty. The higher 231 Pa-excesses measured by Stracke et al. (2003a Stracke et al. ( , 2006 can thus be attributed to the lower U concentrations, but also result from higher Pa concentrations compared to those measured here. Note that the U concentrations obtained for BCR-2 and W2a confirm the accuracy of the technique employed here (Koornneef et al., 2010) . Repeat analysis of WV31, a depleted sample from Iceland with 90 ppb U (Table 1) , reproduced within 0.8%, which is indicative for the reproducibility of the low concentration Theistareykir samples. The Pa concentration determination for this sample (58 fg/g) reproduced to within 2.1%. Stracke et al. (2003a Stracke et al. ( , 2006 determined the U and Pa concentrations on separate sample aliquots in different laboratories, a strategy that is prone to error magnification (see discussion in Koornneef et al., 2010) , which is one factor responsible for the observed discrepancy. Furthermore, the depleted nature of the Theistareykir samples renders those samples susceptible to seawater alteration. Seawater-rock interaction is expected to result in cm-scale heterogeneity and/or redistribution of U and hence highly heterogeneous U concentrations and U-series compositions at the sample scale. The fact that the Theisterykir sample with the highest ( 234 U/ 238 U) has the lowest ( 226 Ra/ 230 Th) also suggests that seawater alteration may play a role for creating the 226 Ra deficits. All samples from Theistareykir with evidence for seawater-rock interaction, i.e., ( 234 U/ 238 U) -1, presented in this study and reported in Stracke et al. (2006) , are excluded from the following discussion.
INTERPRETING THE U-SERIES DATA
U-series melting models
Several U-series melting models have been proposed (e.g., McKenzie, 1985; Iwamori, 1993; Spiegelman and Elliott, 1993; Lundstrom et al., 1999; Jull et al., 2002) . The difference in residence time between the parent and daughter nuclides causes in-growth of the daughter nuclide when the parent nuclide is retained preferentially in the solid residue during partial melting. Since the Iceland lavas show evidence for compositional variation created within melt channels (Maclennan et al., 2007; Stracke et al., 2003b; Maclennan, 2008b; Stracke and Bourdon, 2009; Koornneef et al., 2012) , a dynamic melting model where melts do not re-equilibrate with their surrounding matrix appears most appropriate for interpreting the U-series data in Icelandic rocks Kokfelt et al., 2003; Bourdon et al., 2005 Bourdon et al., , 2006 Prytulak and Elliott, 2009; Stracke et al., 2003a Stracke et al., , 2006 Stracke and Bourdon, 2009) . Moreover, recent experiments show that melts form interconnected melt networks at small degrees of melting (Zhu et al., 2011) , suggesting that channelized melt transport may already be established during the initial stages of partial melt-ing. The dynamic melting model, developed by McKenzie (1985) , assumes that melts produced in the upwelling mantle 'escape' the solid residue after a critical threshold porosity is reached, with no further chemical interaction between the solid and melt (channelled melt flow). U, Th, Pa and Ra are all highly incompatible elements, and thus the U-series disequilibria are mostly formed at the onset of melting and reflect the conditions at the bottom of the melting region (Bourdon and Sims, 2003; Elliott et al., 2003; Iwamori, 1993 Iwamori, , 1994 Stracke et al., 2006) In-growth of daughter nuclides in the dynamic melting model depends directly on the melting rate, which is a function of melt productivity and mantle upwelling velocity (McKenzie, 1985; Spiegelman and Elliott, 1993) :
where C is the melting rate in kg/m , W is the mantle upwelling velocity in m/s and (dF/ dP) is the amount of melt formed per increment of pressure release or melt productivity in% melt/GPa.
The melting model applied here is an incremental solution to dynamic melting and is described in detail in Stracke et al. (2003a Stracke et al. ( , 2006 . U-series disequilibria in instantaneous melts are calculated in a one-dimensional melting column assuming that the source is mineralogically homogeneous and initially in U-series secular equilibrium (i.e., undisturbed for >350 ka). Mineral-melt partition coefficients, source mineralogy and melt productivity in the model are a function of pressure (Stracke et al., 2003a) . In contrast to the analytical solution of McKenzie (1985) , which assumes infinite melt extraction velocity, varying melt extraction velocity (v) is possible, thereby accounting for radioactive decay during melt transport.
U-series nuclide partitioning
U-series nuclides are highly incompatible (Blundy and Wood, 2003) during peridotite melting and are exhausted from the residual mantle after 2-5% of partial melting. Garnet plays a key role for the fractionation between the U-series nuclides during melting because U is more compatible in garnet compared to Th, Pa and Ra (Beattie, 1993b; LaTourrette et al., 1993; Hauri et al., 1994; Salters and Longhi, 1999) . In clinopyroxene (cpx), the partition coefficients are dependent on pressure and composition. Low Ca, aluminous cpx, which are typically present in highpressure assemblages have higher D U /D Th compared to low pressure high Ca cpx. At the onset of melting cpx therefore significantly fractionates U from Th and Pa, albeit less than garnet (LaTourrette and Burnett, 1992; Beattie, 1993a; Hauri et al., 1994; Wood et al., 1999; Salters et al., 2002) . Olivine and orthopyroxene do not significantly fractionate U-series nuclides (Blundy and Wood, 2003 . Experimentally determined mineral-melt partition coefficients for garnet and cpx in pyroxenite or eclogite (Klemme et al., 2002; Pertermann and Hirschmann, 2002; Pertermann et al., 2004; Elkins et al., 2008) overlap with partition coefficients determined for peridotite (Wood and Blundy, 1997; Salters et al., 2002; McDade et al., 2003a) . Calculated bulk D U /D Th for pyroxenite range from being smaller to being larger than those in garnet-peridotite Stracke et al., 2006; Elkins et al., 2008; Prytulak and Elliott, 2009 ). The magnitude of the U-Th fractionation and the difference in bulk partitioning behaviour of pyroxenite compared to peridotite thus remains poorly constrained.
Melt productivity
Melt productivity (dF/dP) has an important control on the melting rate (Eq. (1)). Melt productivity depends on the residual mineralogy and the coexisting liquid (e.g., Asimow et al., 1997) . Theoretical and experimental studies show that melt productivity of peridotite increases with decreasing pressure and increasing melt fraction until one mineral phase is exhausted (Asimow et al., 1997 (Asimow et al., , 2001 Hirschmann et al., 1998 Hirschmann et al., , 1999a Stolper and Asimow, 2007) . For U-series disequilibria, the near-solidus melting behaviour is particularly relevant, and ranges from 1% to $5%/ GPa for peridotite (Asimow et al., 1997 (Asimow et al., , 2001 Hirschmann et al., 1999b) .
In contrast, near-solidus melt productivity of pyroxenite is substantially higher, about 13%/GPa (Pertermann and Hirschmann, 2003) . In addition, pyroxenite is expected to start melting at similar or higher pressures compared to peridotite owing to its similar or lower solidus temperatures (McKenzie and Bickle, 1988; Pertermann and Hirschmann, 2003; Kogiso et al., 2004) . Pertermann and Hirschmann (2003) showed that the melt productivity of synthetic pyroxenite G2 in their experiment increased up to 70%/ GPa before the onset of peridotite melting, partly due to heating of the pyroxenite by the enclosing peridotite. These characteristics potentially result in disproportionate contribution of the pyroxenite component to the final erupted melt (Hirschmann and Stolper, 1996; Stracke et al., 1999; Phipps Morgan, 2001; Pertermann and Hirschmann, 2003) .
DISCUSSION
The role of crustal processes
Secondary processes such as crystallisation of phases that fractionate the U-series isotopes, radioactive decay during magma storage, and assimilation of hydrothermally altered wall rocks or evolved lavas potentially disturb the melting-induced U-series disequilibria.
U, Th, Pa and Ra are all highly incompatible in olivine, clinopyroxene and plagioclase (Blundy and Wood, 2003; Fabbrizio et al., 2009) , which crystallise in the tholeiitic basalts analysed here (Koornneef et al., 2012 (Fig. 3a) , their 226 Ra excesses (Table 1) show that magma transport and storage time is less than 8 kyr. The NV samples with the lowest 230 Thand 231 Pa-excesses, however, have slightly higher SiO 2 contents and lower MgO (4.7-7.8) than the WV and RP samples, indicative of more extensive fractional crystallisation. Kokfelt et al. (2009) attributed the variations in U-series disequilibria in lavas from the off-rift Snaefellsjö kull volcano to the combined effects of crystal fractionation and radioactive decay. Unlike the main-rift tholeiitic basalts analysed here, samples from Snaefellsjö kull range in composition from alkali basalt to trachyte and display clear relations between magma differentiation (e.g., MgO contents) and the U-series disequilibria. Based on the absence of such relations for our main-rift lavas, including samples from the Northern Volcanic Zone, (Fig. 5 ) both crystal settling and radioactive decay during magma differentiation do not significantly influence the observed U-Th-Pa-Ra activity ratios.
Assimilation of crustal rocks or mixing with crustal melts in secular equilibrium could also lower the primary U-series disequilibria (e.g., Reubi et al., 2011) . The samples from the Northern Volcanic Zone define a trend sub-parallel to the equiline suggesting mixing between a source with low U/Th and a source with high U/Th (Fig 2) . Similar relationships for Icelandic basalts have previously been ascribed to assimilation of rhyolitic or dacitic crustal rocks or melts produced during shallow-level magma evolution. This process is especially important at central volcanoes where bimodal volcanism is observed, as for example Krafla and Askja in the Northern Volcanic Zone (Sigmarsson et al., 1991 (Sigmarsson et al., , 1992 Kokfelt et al., 2003; Chekol et al., 2011; Kuritani et al., 2011; Pietruszka et al., 2009 Fig. 5c and d) . The lack of clear correlations suggests that magma storage is not a primary factor controlling the U-series disequilibria. may thus represent a fractionated lava that stalled within the crust a few hundred ka ago.
A rhyolite from Askja volcano recently described by Kuritani et al. (2011) is used to test the bulk assimilation scenario discussed above. We approximate bulk assimilation by binary mixing between a depleted initial melt (e.g., NV49, Table 1 ) and a rhyolite that has Th = 7.16 ppm and U/Th = 0.28, (sample ID2405, Kuritani et al., 2011) Fig. 3e and f) of the NV samples and suggests about 7% of assimilation for samples NV52 and NV54 (see Fig. 3 ). Mixing with a rhyolitic rock or melt could also explain the slightly higher SiO 2 and incompatible trace element concentrations and the flatter HREE patterns observed in the NV samples that plot below the positive trend in a 231 Pa-versus 230 Th excess diagram (e.g., NV52, NV54, see Koornneef et al., 2012; Fig. 3a Fig. 3a and c) , the 226 Ra excesses of the majority of the Icelandic samples are similarly low or lower than those of the NV samples at a large range of 231 Th excesses (Fig. 3c) . This observation suggests that, for the remaining majority of the samples, other processes are responsible for the low 226 Ra excesses (Section 5.3).
We conclude that crustal processes do not influence the U-series systematics, with the potential exception of the more evolved samples from the Northern Volcanic Zone (all but NV49). These samples, which erupted close to large central volcanoes, show evidence for a possible effect of mixing with crustal rhyolite based on their combined low 226 Ra, 231 Pa-and 230 Th excesses and low ( 238 U/ 232 Th) and will thus be excluded from further discussion of the U-series disequilibria in the context of partial melting.
Mantle upwelling velocity
Regional variability in the mantle upwelling
Dynamic melting of a homogeneous garnet-bearing peridotite source at variable upwelling velocities predicts positive correlations in diagrams of ( 230 Th/ 238 U) versus ( 231 Pa/ 235 U) (Fig. 6 ). Slow upwelling, corresponding to low melting rates, yields high 230 Th and 231 Pa excesses. Fast upwelling, corresponding to high melting rates, yields low 230 Th and 231 Pa-excesses. Using various sets of partition coefficients, modal mineralogy, depth of melt initiation, or melt extraction rate results in different trends with a positive slope (Fig. 6) , with the exception for melting in the spinel stability field (applying the K D values determined by McDade et al. (2003a) , see also Stracke et al. (2006) ). Beneath Iceland's rift zones both active and passive mantle upwelling influence the mantle flow regime (Olson et al., 1993; Ribe et al., 1995; Ito et al., 1996; Maclennan et al., 2001; Shorttle et al., 2011) . High mantle temperatures near the plume axis result in fast buoyancy-driven mantle upwelling, whereas further away, at lower mantle temperature, the upwelling is slower. This temperature-driven mantle flow regime is superimposed on the spreading ridge mantle flow regime, which is controlled by rifting of the lithosphere and passive mantle upwelling. At the ridge axis the mantle upwelling is primarily vertical and thus fast, but with increasing distance from the ridge the horizontal flow component becomes larger resulting in slower mantle upwelling (Ito et al., 1996; Ribe et al., 1995) . Melts sampled from the regime farthest away from the spreading centre and the plume are thus expected to record slow melting rates and high 231 Pa and 230 Th excesses. Melts extracted from the on-axis regime close to the plume centre, on the other hand, should record faster melting rates and low 231 Pa and 230 Th excesses. Kokfelt et al. (2003) suggested that a systematic increase in 230 Th excesses with distance from the plume centre in Iceland's rift zone lavas primarily reflects the radial, buoyancy-controlled, variation in the mantle upwelling velocity from 1-4 cm/yr at the margins of Iceland to 5-20 cm/yr in the centre of the plume (Kokfelt et al., 2003) .
In Fig. 6 (Fig. 5a) is consistent with the data of Kokfelt et al. (2003) , although there is slightly larger variability Kokfelt et al. (2003) and this study. The estimated mantle upwelling velocity across the Iceland plume ranges from 11.2 cm/yr at the plume axis to 4.1 cm/yr 300 km away from the plume. These estimates assume infinite melt extraction velocity. The effect of decay during melt transport is shown for melt velocities of v = 10, 3 and 1 m/ yr. In this model the threshold porosity is set to 0.1%. on a local scale, most conspicuous for the samples from the Western Volcanic Zone (Fig. 6a) . A Spearman Rank test for the ( 230 Th/ 238 U) data, including the Kokfelt et al. (2003) main rift data but excluding the evolved NV samples, yields a correlation coefficient (rho) of 0.55 (n = 49), indicating a significant correlation (confidence level >95%). The correlation thus supports the model of increasing mantle upwelling velocities towards the plume centre. The estimated range in upwelling velocities assuming dynamic melting of a homogeneous peridotite source (Table 2 ) is in agreement with the estimates of Kokfelt et al. (2003) (Fig. 7a) . In this estimation, the mean ( 230 Th/ 238 U) ratios as a function of distance from the plume centre (see Fig. 7a ) are used to estimate the mantle upwelling velocity (W) across the Icelandic thermal anomaly. Extrapolation of the regression line to the centre of the plume yields a ( 230 Th/ 238 U) of 1.092, which, in the dynamic melting model corresponds to a mantle upwelling velocity of 11.3 cm/yr. The mean ( 230 Th/ 238 U) 300 km away from the plume centre is 1.212, corresponding to a mantle upwelling velocity of 4.1 cm/yr. Note that these estimates are only indicative given the relatively broad nature of the relationship between the 230 Th excesses and distance from the plume. Furthermore, the estimates are highly dependent on the model parameters used, such as the partition coefficients and melt productivity function. For example, using an initial melt productivity of 0.3%/km rather than 0.2%/ km would correspond to a W of 8 cm/yr at the centre of the plume and a W of 3 cm/yr at a distance of 300 km.
The 231 Pa excesses are expected to show a more pronounced relationship with distance from the plume than the 230 Th excesses owing to the shorter half-life of 231 Pa compared to 230 Th ($32 ka versus $75 ka, respectively). However, the ( 231 Pa/ 235 U) data, excluding the NV samples close to the plume centre that show evidence for assimilation, do not correlate significantly with distance from the plume given the Spearman's rank correlation coefficient of 0.24 (n = 18). The lack of correlation likely results from the limited number of data, but could also reflect the influence of melt velocity, porosity and/or source heterogeneity (see Sections 5.3 and 5.4 (Fig. 4a) , the Icelandic main rift data define a broad positive array. Compared to the Hawaiian samples , the Icelandic data are, however, much more variable. Samples collected from closely spaced eruptive centres in the Western Volcanic Zone, for example, have highly variable ( 230 Th/ 238 U) and ( 231 Pa/ 235 U) ratios, comparable to the regional range in disequilibria data (Figs. 5a, b and 6 ). The observed local variability and the lack of a correlation of the ( 231 Pa/ 235 U) data with distance from the plume suggest that the 231 Pa-excesses are not primarily controlled by regional mantle upwelling velocity.
Local variability in upwelling velocity
One reason for the observed local range in 230 Th and 231 Pa excesses could be variable melting rates during partial melting, due to variations in mantle upwelling velocities within the local melting region.
Glacial unloading during early post-glacial times, at about 10,000 years ago is a possible cause of variable mantle upwelling velocity on a local scale (Jull and McKenzie, 1996; Gee et al., 1998; Maclennan et al., 2002) . However, most samples investigated in this study are all younger than 5300 yr, and should thus not be affected by temporally variable upwelling velocity due to glacial unloading.
Changing mantle viscosity due to dehydration melting (Ito et al., 1999; Maclennan et al., 2001; Kokfelt et al., 2003) could also produce 'vertical' variation in upwelling velocity within a given melting region. As a result, local variability in 230 Th and 231 Pa excesses in erupted lavas integrating over variable depth ranges of the melting region would be expected. Large variability in trace element ratios that are sensitive to the degree of melting, e.g., La/Sm and La/Yb, in Icelandic lavas indicate that melts are indeed extracted from, and integrate over, different depths of the melting region (Wood, 1981; Elliott et al., 1991; Maclennan et al., 2003 Maclennan et al., , 2007 Stracke et al., 2003b; Kokfelt et al., 2006; Koornneef et al., 2012) . The lack of correlation between La/Sm and ( 230 Th/ 238 U) or ( 231 Pa/ 235 U), however, confirms that the U-series disequilibria, due to the incompatibility of the U-series nuclides, are little influenced by progressive melting, and are primarily established during the initial stages of melting. Hence, vertical variation in upwelling velocity is unlikely to be resolved by the U-series and thus cannot explain the local variability in U-series disequilibria.
Mantle upwelling velocity also varies laterally within the local sub-ridge melting region. As discussed above, mantle flow is primarily vertical and thus fast at the ridge axis, but becomes slower with increasing distance from the ridge axis due to increasingly horizontal mantle flow (Ito et al., 1996; Ribe et al., 1995) . Melts generated farthest away from the spreading centre are thus produced with slower melting rates and are expected to have higher 231 Pa and 230 Th excesses than those generated on-axis. To explain the largest and smallest 230 Th excesses within the WV group (i.e., 24.7% for WV31 and 8.5% for WV25) by lateral variations in mantle upwelling velocities within the local melting region, requires variation in local mantle upwelling velocity from about 2 to 10 cm/yr, assuming melting of a garnet peridotite source (Fig. 4, Table 2 ). Sample WV31 could in this scenario results from melting slowly upwelling mantle furthest away from the spreading ridge, whereas sample WV25 could results from melting faster upwelling mantle closer to the spreading ridge. Note that this model requires that the melts formed at different parts in the 3-D melt region migrate over various distances to erupt at the rift axis (see Section 5.3.1).
In addition to variable local mantle upwelling velocity, differences in melt extraction velocity, mantle porosity, or source lithology could be important for establishing the observed local-scale variability in U-series disequilibria, and will be discussed in the following.
Melt transport velocity and mantle porosity
Melt transport velocity
Rather than from variable upwelling velocity, the local variations in U-series disequilibria could result from varia-tions in melt transport velocity and/or mantle porosity on a local scale. In order to estimate the upwelling velocity beneath Iceland in Section 5.2.1 (Fig. 7) it was assumed that the samples were not significantly affected by decay during melt transport (i.e., melt transport time is short relative to the half life of the daughter nuclides). However, the relatively low measured 231 Pa and 226 Ra excesses compared to the predicted mean trend for infinite melt extraction velocity (Figs. 4b, 7c and d) , suggest that melt velocity is not infinite, but varies between 3 and 50 m/yr. Thus, decay during melt transport influences the U-series disequilibria of the Icelandic melts considerably (e.g., Stracke et al., 2003a) . Extraction of melts from different parts in the 3-D mantle flow regime underneath the Icelandic rift zone, as discussed in Section 5.2, is expected to give rise to variability in melt transport times. Melt transport with a significant horizontal component is thought to be 1-2 orders of magnitude slower compared to buoyancy-driven vertical melt transport (Braun and Sohn, 2003; Ruedas et al., 2004) . The time it takes for melts to reach the axis depends on their initial lateral distance from the ridge axis (Katz, 2008) . Melts formed in the mantle flow regime far from the ridge axis require migration over both a longer distance and with a larger horizontal component compared to melts that are derived from the mantle directly underneath the ridge. Hence these melts may experience relatively more radioactive decay of the primary melting induced Useries excesses compared to melts formed directly below the ridge axis, which is especially important for the 226 Ra-excesses. Lavas derived from the mantle far away from the ridge are thus expected to have initially high 230 Th, 231 Pa and 226 Ra excesses from melting at slow mantle upwelling velocity. However, especially their 226 Ra excesses decay considerably during transport towards the rift. Sample WV31, the sample with the largest 230 Th and 231 Pa-excesses in the Western Volcanic Zone, which could thus have such an off-axis origin has ( 226 Ra/ 230 Th) = 1.218. The two WV samples with the lowest 230 Th, 231 Pa-excesses WV21 and WV25, which suggest fast mantle melting rates and thus generation closer to the ridge axis, however, have no 226 Ra excesses (Table 1 ). The higher Ra-excesses for WV31 compared to WV21 and WV25 are hence inconsistent with the scenario that WV31 melts travelled over a longer distance and originate from melting farther from the ridge compared to the WV21 and WV25 melts. Thus, the hypothesis that variability in the ( 230 Th/ 238 U) or ( 231 Pa/ 235 U) for the Western Volcanic Zone result from variations in local mantle upwelling velocity in the subridge melt region as discussed in Section 5.2.2, is not supported by expected variations in ( 226 Ra/ 230 Th) considering differences in melt transport time.
Residual porosity
The threshold porosity of the mantle is another important parameter in the dynamic melting model as it defines the melt fraction in equilibrium with the residue before the melt is extracted. The larger the porosity, the less is the fractionation between parent and daughter nuclides, and thus less daughter nuclides are produced in the residual mantle during melting. The threshold porosity is especially important for the 226 Ra with its shorter half-life compared to 230 Th and 231 Pa. Th excesses measured for Iceland can be explained by porosities ranging between 0.1% and 2% at a melt transport time of 15 m/yr. Note, however, that the variability could also be explained by variations in melt velocities at a given threshold porosity.
The observed 226 Ra-excesses in OIB, generally suggest partial melting at low porosities (<<1%), although literature estimates range over an order of magnitude (Spiegelman and Elliott, 1993; Sims et al., 1999; Slater et al., 2001; Elliott et al., 2003) . The calculations shown in Figs. 4 and 7 assume melting at a constant porosity of 0.1%. Model curves for varying porosity and upwelling velocity at infinite melt extraction velocity are plotted in Fig. 8a . The model predicts relatively low 226 Ra-excesses with a narrow range in 230 Th excesses for large threshold porosities (up to 2%) and relatively high 226 Ra-excesses with a large range in 230 Th excesses for small threshold porosities (0.1%, Fig. 8a ). The predicted 226 Ra excesses for a given 230 Th excess in the model are larger than those observed for Icelandic samples even for the largest porosities. Hence the significant range of 230 Th at low 226 Ra excesses observed in the Icelandic rift lavas is incompatible with large residual porosity and infinite melt extraction velocity (Fig. 8a) . This observation confirms that decay during melt transport must have an important effect on the 226 Ra-2 disequilibria (Fig. 7 , Stracke et al., 2003a) . The variability in 226 Ra disequilibria for Iceland shown in Fig. 8 can be explained by mantle porosities between 0.1% and 2%, with melt transport velocities of about 15 m/yr (Fig. 8b) . Note, however, that the variability can similarly be explained by variations in melt velocities at a given threshold porosity (Fig. 8c) . Thus it is difficult to distinguish between the relative effects of these two parameters, but they are likely the controlling parameters for the observed variability in 226 Ra-excesses, both on a local, and regional scale. The 226 Ra-deficits determined for the two WV samples can, however, not be explained by variations in melt velocity or porosity and remain enigmatic.
The influence of source heterogeneity
Variability in mantle upwelling velocity and variable transport times both influence the Icelandic rift zone lavas, but appear not to be the primary controlling processes in generating the large variation in 230 Th and 231 Pa-excesses for WV samples collected from closely spaced eruptive centres. The role of residual mantle porosity is ambiguous, but is negligible for creating the variable ( 230 Th/ 238 U) and ( 231 Pa/ 235 U) ratios. In the following, we thus evaluate the effect of source heterogeneity on the U-series disequilibria of the WV samples.
Melting rates can vary significantly between sources of different mineralogical composition that have different melt productivity. Pyroxenite, for example, has a larger melt productivity than peridotite, resulting in a higher melting rate (e.g., Hirschmann and Stolper, 1996; Stracke et al., 1999; Pertermann and Hirschmann, 2003; Prytulak and Elliott, 2009) (Section 4.3) . The presence of small-scale source heterogeneity, inferred to represent pyroxenitic recycled oceanic crust (Chauvel and Hémond, 2000; Hanan et al., 2000; Skovgaard et al., 2001; Stracke et al., 2003b; Kokfelt et al., 2006; Stracke and Bourdon, 2009 ) could therefore significantly affect the U-series disequilibria in Icelandic basalts.
Strong depletion in Rb, Ba, U and Th and enrichment in Nb and Ta compared to La observed in the most enriched Icelandic samples suggest that the recycled component represents ancient E-MORB crust (McKenzie et al., 2004; Koornneef et al., 2012) . Variable enrichments indicated by high Nb/La and Nb/U and radiogenic Pb isotopes for main rift lavas further suggest that the proportion of the mafic recycled component is variable beneath the different main rift areas or that the component is intrinsically heterogeneous in highly incompatible element composition (Koornneef et al., 2012) . In the Northern Volcanic Zone, including Theistareykir, enrichments in highly incompatible trace elements are relatively limited indicating that the abundance of the mafic component is small. In contrast, beneath the Western Volcanic Zone and the Reykjanes Peninsula, larger and highly variable enrichments in highly incompatible trace elements suggest that the enriched component is more abundant but also heterogeneously distributed. Therefore, the hypothesis to be tested in the following Pa excesses and Th/U but high Nb/La (WV21, W25) were produced with a higher melting rate than more depleted ones (high 231 Pa excesses but low Nb/La, WV31). The combined U-series and highly incompatible trace element characteristics of WV samples thus argue for the influence of a mafic component with low Th/U but high Nb/La and high melt productivity.
is that samples with the highest ( 230 Th/ 238 U) ratios on a local scale represent melts with a dominant peridotite melt signature that reflects low melt productivity, whereas samples with the lowest ( 230 Th/ 238 U) represent aggregated melts with a higher contribution of melts from the enriched source component, which have been generated with higher melt productivity. One potential explanation for this apparent bulk partitioning behaviour would be shallow melting in the spinel peridotite stability field (Fig 6) . However, relatively high Sm/Yb (WV25 has Sm/Yb N = 1.66, Fig. 10a ), Lu/Hf, and Tb/Yb for these two WV samples suggest a greater, not smaller, contribution of melts from the garnet-field compared to other WV samples. Rather than resulting from melting in the spinel stability field, the low 230 Th excesses and high Sm/Yb of sample WV21 and WV25 thus argue for melting a garnet-rich lithology with low D U /D Th (Fig. 4) . Low bulk D U /D Th ($1.6) was determined experimentally for pyroxenite by Pertermann et al. (2004, their experiment A343) . Furthermore, the low 230 Th and 231 Pa excesses in the two WV samples and broad correlations with Th/U and Nb/ La ratios (Fig. 9) Kokfelt et al. (2009) found a similar correlation for lavas from the off-rift Snaefellsjö kull volcano and ascribed the correlation to crystal fractionation and decay of the lavas at this large central volcano. Note, however, that the observed relation for main rift samples cannot be explained by fractionation and radioactive decay (except for the more evolved NV samples, Section 5.1, Fig. 3d ) and thus requires another explanation. Compared with other OIB localities, Iceland is the only ocean island that displays such a trend (Fig. 2b) indicating that the processes responsible for this correlation are unique to Iceland, rather than being a general feature of upper mantle melting.
The ( (Table 2) . Tick marks on the melting curves represent compositions at 0.03 GPa pressure intervals ($1 km depth intervals). Upwelling velocity is assumed to be constant and (5 cm/yr), which is the estimated upwelling velocity at $150 km distance from the plume, where the WV samples erupted (see Fig. 7 ). Binary mixing between the final accumulated melts is shown in orange. Tick marks on binary mixing curves represent 10% increments. Samples specifically discussed in the text are labelled. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) (Fig. 10b) . The high 230 Th and 231 Pa-excess recorded by this end-member can be explained by relatively low melt productivity for the depleted peridotite source in combination with relatively slow mantle upwelling at moderate distance from the plume axis.
Note that sample NV 49, i.e., the only NV sample that appears not to be affected by crustal processes, has a very different U/Th ratio compared to enriched WV samples, but that their ( 230 Th/ 232 Th) and ( 231 Pa/ 235 U) are both low (e.g., Fig. 10b) Fig. 11e and f) , U-series data for RP and NV samples do not correlate with 143 Nd/ 144 Nd. A positive correlation between ( 231 Pa/ 235 U) and Hf isotopic composition is only observed on a local scale, i.e., for the WV samples, which supports melting and mixing of melts from two mantle source components beneath the Western Volcanic Zone (Fig 11e) . The lack of a general correlation for Iceland between long-lived isotopes and U-series disequilibria suggests that the regional trends in 230 Th-and 231 Pa excesses with distance from the plume are not primarily controlled by source composition. Note, however, that due to extraction of melts from variable depths and incomplete melt mixing, relationships between U-series activity ratios and Hf-Nd isotope ratios are not necessarily expected (Koornneef et al., 2012) . Where the degree of melting and mixing produces systematic variability in trace element ratios including a moderately incompatible element, e.g., La/Yb or Nd and Hf isotope ratios, during progressive melting, highly incompatible trace elements element ratios, e.g., Nb/U or ( 231 Pa/ 235 U), do not change after the first few percents of melting.
Mixing melts from a two-component source
Mixing between melts from a pyroxenite component and melts from the surrounding peridotite is a possible mechanism to create the large local-scale variability in 230 Th and 231 Pa excesses observed in the Western Volcanic Zone and the Reykjanes Peninsula. The hypothesis is tested using a mixing model combined with the dynamic melting model for two source components that have different modal mineralogy, partitioning characteristics, and melting behaviour ( Table 2) . The model applied here (Section 4.1, Table 2 ) calculates compositions of instantaneous melts from two sources (depleted mantle and pyroxenite 1 in Table 2 ) separately, and mixes the melts according to their final relative mass fractions. For simplicity we assume that the U-series disequilibria for samples erupting at a small range in distances from the plume centre (e.g., WV samples, 150-180 km, Fig. 5 ) result from melting at a constant mantle upwelling velocity of 5 cm/yr.
The Nb/U, Nb/La and La/U ratios in Iceland main rift lavas correlate well with U/Th ratios suggesting that the enriched component is characterised by high Nb/U, Nb/La and U/Th ratio, the depleted component has a low U/Th (Fig. 11b) . Note that this is opposite to what is has been inferred for other spreading ridges (e.g., EPR, Goldstein et al., 1993; Lundstrom et al., 1999) where the U/Th ratio of depleted samples is typically higher compared to enriched samples. Even though the variability in U/Th for Iceland's main rift lavas is small (0.301-0.333 ) the correlation with tracers for enrichment (Fig. 10b) Koornneef et al. (2012) have discussed the importance of mixing of melts during melt extraction using a polybaric melting and mixing model that reproduced the combined trace element and long-lived isotope data for Iceland. The model mixed the accumulated melts from the depleted mantle and a recycled E-MORB crust at every depth in the melting region. Because of the highly incompatible nature of the U-series nuclides, the disequilibria for pure peridotitic or pyroxenitic sources calculated using dynamic melting, only change significantly during the initial stages of melting, that is extents of melting less than 3% (Figs. 10 and 11) . Consequently, the effect of melting and mixing of a pyroxenite and a peridotite component and extraction of the mixed melts from various depths on the U-series disequilibria is small. As a result, the U-series disequilibria and highly incompatible trace element ratios of Icelandic lavas can be modelled by binary mixing (Figs. 10 and 11) .
The variability of U-series disequilibria within the WV group can be explained by mixing of melts from a depleted peridotite with melts from an enriched E-MORB component characterised by high melt productivity and low D U / D Th (Fig. 10) . The combined trace element, Hf isotope composition and U-series data for Theistareykir and WV samples is also broadly matched by mixing melts from the two components, supporting evidence for variable abundances of the mafic source component in the mantle beneath this part of Iceland (Fig. 11) . The two WV Samples (WV21 and WV25) with higher U/Th and Nb/U but low ( 231 Pa/ 235 U), ( 230 Th/ 238 U) and Hf isotope ratios could result from melting a source containing more of the enriched component compared to samples with low Nb/U and high 231 Pa, 230 Th excesses and Hf ratios (WV31). Variability in 230 Th excesses for the Reykjanes Peninsula samples that erupted at similar distances from the plume centre (RP 5 and RP 6, Fig. 6 ), can similarly be explained by variable amounts of recycled material in the source, but at a lower mantle upwelling velocity compared to below the Western Volcanic Zone. Sample RP6 with the highest Nb/U within the RP group for example, has the lowest ( 230 Th/ 238 U), supporting mixing with the E-MORB source with low D U /D Th . Using the model parameters in Table 2 , predictions for the maximum abundance of the enriched component vary between $10% and up to 100% to explain the combined Useries and trace element compositions of WV25. The highly depleted WV31 and samples from Theistareykir in the Northern Rift Zone can be explained by melting of peridotite containing only small amounts of the enriched component ($1%). Based on relationships between trace element and Nd and Hf isotope compositions, the maximum abundance of the enriched component in the source beneath the Western Volcanic zone was estimated to be 10% (Koornneef et al., 2012) . The overestimates for the abundance of the enriched component are mainly due to parameters that involve the Th/U ratios and likely arise from uncertainties in the composition of the end-members. Prytulak and Elliott (2009) investigated the relationship between melt productivity and the presence of pyroxenite in the mantle source beneath Pico, Azores, but found no apparent relation between source composition and the Useries disequilibria. The limited variability in 230 Th and 231 Pa excesses in Pico lavas were suggested to reflect melting of a peridotitic source alone and so a 'distillation' melting process that masks the effect of initial pyroxenite melting was required. For Iceland, the relationship between highly incompatible trace element ratios and 231 Pa and 230 Th excesses indicates that the pyroxenitic signature is preserved in the melt mixtures and that a melt-rock reaction as inferred by Prytulak and Elliott (2009) for the Azores is unlikely to have taken place beneath Iceland.
CONCLUSIONS
230 Th excesses in recent Icelandic lavas correlate with distance from the plume centre and the mean variation in U-series disequilibria can be explained by mantle upwelling velocities of $14 cm/yr at the plume axis to $4 cm/yr at the plume periphery. Both the absolute value and the range of inferred upwelling velocities are, however, model-sensitive. The comparatively few ( 231 Pa/ 235 U) data reported here do not substantiate the inferences from the ( 230 Th/ 238 U) data on the effect of the plume. More 231 Pa data on samples that are little influenced by source heterogeneity (e.g., low Nb/ U, U/Th) or crustal processes (low SiO 2 , high MgO) may, however, help resolve the significance and magnitude of buoyancy-related variations in upwelling velocity of the sub-Icelandic mantle.
Samples from the Western Rift Zone show that variability of the U-series disequilibria on a local scale is influenced by radioactive decay during melt transport, and/or variations in the mantle porosity rather than by local variations in mantle upwelling velocity in the sub-ridge melting region In addition, correlations of highly incompatible trace element ratios with ( 230 Th/ 238 U) and ( 231 Pa/ 235 U) on a local scale, however reveal that melts from an enriched pyroxenite component characterised by high melt productivity influence the U-series disequilibria significantly. Overall, our results demonstrate that information about the variability in regional mantle upwelling velocity can be extracted from U-series disequilibria, but that lithological heterogeneity affects the melting behaviour in MOR and OIB settings on a local scale. Detailed studies that apply combined U-series and trace element data on samples from confined areas on ocean islands, such as the Western Volcanic Zone in Iceland, are likely to further reveal the influence of source heterogeneity and would help to constrain the composition, spatial distribution and melting behaviour of enriched source components. The data presented here, for example, suggests that the enriched component is characterised by high melt productivity, but has low bulk D U /D Th . Even though low bulk D U /D Th 's are consistent with experimental melting of pyroxenite , the available data to support this hypothesis is scarce. Further experiments on U-Th partitioning during melting of mafic lithologies would thus be useful.
